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In this paper, a methodology to calculate the shielding effectiveness (SE) of enclosures with slots at low frequency in the near magnetic
field is presented. This modeling technique is based on the magnetic moments and the transmission line (TL) approach and makes specific
assumptions. It is applied to a slot of small size relative to the dimensions of the enclosure. The slot is electrically short. This technique
is validated in the case of a real enclosure with numerical simulations and experimental data. This method is dedicated to the case of
mechatronics boxes using in electric and hybrid vehicles (EHVs), it allows obtaining the results with sufficient accuracy precision for

dimensioning a magnetic shielding in a short time.

Index Terms—Enclosure, Low frequency, Magnetic moment, Magnetic field, Shielding effectiveness, Slot, Near field.

. INTRODUCTION

IN EHVs, high magnetic fields are generated due to high
electric currents. It may be necessary to control the level of
electromagnetic field and assess the protection of electronic
equipment located in the vehicle. Such protection can be
provided by electromagnetic shielding, cabling architecture or
additional equipment. The metallic enclosures are used in
electronic devices to prevent electromagnetic interference
(EMI). In these enclosures, it may be found apertures for
ventilation or cabling purposes, slots and gaskets between
different mechanical parts.

To calculate the shielding effectiveness, the numerical
methods are an important area in electromagnetic compatibility
(EMC) research [1]. Recently, many works have been
developed about field coupling with metallic enclosure's
aperture at high frequency [2]-[4]. In the case of EHV
embedded systems, the far field conditions are not met. This
may be due to a small distance from the source to the shield
and/or the short distance between the shield and the measuring
point. In this context, a method of characterization in the near
field for the evaluation of the shielding effectiveness of the
enclosure with slot is required. Therefore a modeling and a test
bench are developed in this study.

The problem of predicting the shielding effectiveness of
enclosures in the near field at low frequency is complex. This
is due to several constraints such as diffusion, non-linear
materials, multi-scale... The presence of slots in enclosures
increases the difficulty of modeling; they make the numerical
methods heavy with respect to the mesh and to the computation
time and often need specific modeling techniques [3], [4]. In
fact, the practical shielding effectiveness of enclosures is not
determined only by material characteristics but also by
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apertures in the shielding [2].

To overcome these constraints, a new solution is presented in
this paper. It combines two modeling approaches. The first one
devoted to the influence of slots is based on the magnetic
moment approximation of a perfectly conducting infinite plane
[2], [3], [5] where an adequate discretization is used according
to the length of the slot. The second one uses an analytical
method (TL approach) [6], [7] to take into account the diffusion
phenomenon. The modeling process is validated in the near
magnetic field at low frequency.

Il. SHIELDING EFFECTIVENESS OF AN INFINITE PLANE WITH A
SLOT

In [2], [3], [5] the aperture is replaced by magnetic and/or
electric dipoles as shown in Fig.1. Usually in near magnetic
field; the tangential component is not uniform in the slot. In this
paper, we have investigated a new way to take into account this
constraint by imposing an array of dipoles in the slot, this
approach of modeling is strictly valid only for electrically small
slot, i.e., the largest dimension is short compared to the
wavelength.

Radiating
source

Infinite
plane

Slotwith magnetic and
electric moments

Measuring
point
-

Fig. 1. Infinite plane with slot.

1) Magnetic Moment Approximation
The penetration of electromagnetic fields through an
electrically small aperture could be calculated using the electric
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and magnetic equivalent dipoles as shown in Fig. 1 [2], [3], [5].
Neglecting the contribution of the electric dipole moment
which is caused by the low value of electric polarizability, the
electromagnetic properties of a slot can be described only by a
magnetic dipole moment which is determined by equation (1)

(2], [3].

—

mx = —Umxx H).gc (1)

where a,, ., is the longitudinal magnetic polarizability

and H:¢ is the short circuit magnetic field at the conducting
surface in the absence of the aperture (equal to two times
incident field (H,) ).

The magnetic polarizability depends only on the shape and
size of the slot. Its values for different opening forms (circle,
ellipse, rectangle or slot) can be calculated analytically,
numerically or by measurement [5], [8]. In this study we have
used an analytical method where the influence of the thickness
of the slot (1mm) on the value of the magnetic polarizability is
taken into account following [8].

This paper will only consider two configurations for the
radiating source: coplanar and coaxial. The coaxial
configuration means that the axis of the radiating loop and that
of the slot are parallel, otherwise the axis are perpendicular for
the coplanar configuration.

In the first case (coplanar) the magnetic field is on the same
axis (+x) as the slot. The magnitude is non uniform on the slot's
surface. So the slot is discretized with small elements where the
magnetic field (H, ;) is supposed constant. In each element, the
magnetic moments (m,;) are affected and calculated
using (Hy;, L, @ xx) @ shown in Fig. 2. The magnetic field
radiated by the slot is calculated using the contribution of each
magnetic moment with equation (2) and standard formulation
of magnetic moment radiation [1] .

my; (Hx,i: L am,xx)

X1
Fig. 2. Magnetic moment dipole distribution in slot (case 1).

HXYZ = ;fxz HYZ dy )

lez=xq| "X1 L
where x,,x; are the limits of slot. H;>” is the magnetic field
due to each discritization at M(x,y,z). H*¥Z is the total magnetic
field due to the slot at M(x,y,z).

In the second case (coaxial) the magnetic field is on the same
axis with two orientations (+x and—x). The magnitude is non
uniform on the slot's surface. The slot is divided into two parts
where the magnetic field has the same direction. For each part,
the radiated magnetic field is calculated using a same procedure
as in the previous case; the magnetic moments (m,;) are

calculated using (Hy;, lj, @ p xx,j) instead of (Hy;, [, & 1 x) @S
shown in Fig. 3 and equation (3). The total radiated field of the
slot is the sum of the radiated fields' vectors from each part.

The same process modeling is applied if the magnetic field
in the slot changes its directions more than two times (general
case of radiating source).

mx,i("x,i- ljv am,xx,i)
X1

Fig. 3. Magnetic moment dipole distribution in slot (case 2).
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where x4, x,, x5 are the limits of each part.
2) Experimental Validation

To validate the method a test bench is developed as shown in
Fig. 4. To simulate an infinite plane with a slot, a finite plane
which has sufficiently large dimensions (400x400x1 mm3) is
placed on a large cavity wall. The slot of 100 mm length and 1
mm width is located in the middle of a finite plane.

The developed test bench is constituted by a function
generator which delivers a power of 24 dBm to the developed
radiating loop (8 turns and 23 mm diameter) on the whole
frequency range. Using a receiver measuring, the induced
voltage on a receiving loop (60 mm diameter, ROHDE &
SCHWARZ) is measured on the (9 kHz - 10 MHz) frequency
range. The shielding effectiveness is obtained by finding the
ratio of induced voltage without and with the shield as
following [6]:

SE — 20 log(Vwithout) (4)
V with
- Receiver
Signal Generator ini
Radiating Receiving
Loop .

Slot

Structure With Shield

Structure Without Shield
Fig. 4. Developed test bench.

It is important to account for the finite dimensions of the
radiating loop. Thus, the distance between the radiating loop
and the shield must be greater than the radiating loop diameter.
It leads to assume that the radiated field produced by the
radiating loop is the same radiated field produced by the
magnetic dipole. In the interested frequency range, the source
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with this dimension will be small compared to the radiated
wavelength and can be approximated as an elementary dipole
[9].

In the developed models, the shielding effectiveness is
calculated using the magnetic field in the center of the receiving
loop. The results can be improved by calculating the induced
voltage on the receiving loop using the magnetic field
distribution over the surface described by the antenna [6].

3) Analysis of Results

In order to validate the model, different cases have been
studied. The effect of the radiating loop position (coaxial,
coplanar) and the distance between the radiating loop and the
shield (50 mm, 70 mm) are presented in Fig. 5. A good
agreement is obtained between the simulated results (developed
model, CST micro wave) and the measured data. The difference
at low frequency (9 kHz) which can reach 5 dB between the
simulated results and the measured can be explained as follows.
In the modeling process, the infinite plane has a perfect
electrical conductivity, it means that no diffusion through the
walls, however in the experiments, a copper material of 1 mm
of thickness is used. The induced voltage is due to the radiated
field from the slot and the diffusion through the walls
(especially for coaxial configuration). In addition, in the
modeling process, the effect of the reflected fields on the
radiating loop is not taken into account. However, this
phenomenon degrades the radiation properties of the radiating
loop by Lenz's law during measurements.

—A— Magnetic moment
—8B— Measurement
CST-TLM

40 —A— Magnetic moment 40
—H&— Measurement

CST-TLM

—A— Magnetic moment —A— Magnetic moment
10 —E— Measurement 1 10 —EB— Measurement I
© CST o) CST-TLM
0 4 5 6 7 0 4 5 6 7
10 10 10 10 10 10 10 10
Freq (Hz) Freq (Hz)

Fig. 5. Shielding effectiveness of infinite plane. Coplanar configuration: (a)
50 mm, (b) 70 mm. Coaxial configuration: (c) 50 mm, (d) 70 mm.

The results show that the shielding effectiveness increases
with the distance between the source and the shield distance.
Moreover it takes for same distance higher value for the coaxial
configuration than coplanar configuration thus a good
configuration to shield.

In this study, the numerical modeling requests 13 Mb of
memory and 5 hours of computational time. However, the
method based on magnetic moment needs only 2 Mb and 2
seconds.

I1l. MAGNETIC SHIELDING EFFECTIVENESS OF AN ENCLOSURE
WITH ASLOT

A. Methodology

In order to calculate the shielding effectiveness in the case of
an enclosure with a slot, we have combined the shielding
effectiveness of an infinite plane with and without slot as show
in Fig. 6. In the developed methodology the magnetic dipole
approximation is used to calculate the shielding effectiveness
of an infinite perfectly conducting plane with a slot which has
a perfect electrical conductivity. However, the TL approach is
used to calculate the shielding effectiveness of an infinite plane
without slot which has real physical properties.

Real enclosure with

Real enclosure Real enclosure with

real physical perfect physical
Slot properties properties
E‘/‘:' :H:| ———
—
0 1 2

Resolution:
v’ Infinite plane
v' Magneticmoment

Resolution:
v Infinite plane
v' Transmission line

SE (dB) 1
2

0

0: Diffusion & slot effect
1: Diffusion effect
2:Slot effect

Freq (Hz)

Fig. 6. Shielding of enclosures using proposed methodology

An infinite plane of electrical conductivity, electrical
permittivity, magnetic permeability and finite thickness is
considered. The shield is excited by the far field source. The
shielding effectiveness can be calculated by the TL approach
(61, [7].

As known, the shielding effectiveness depends on the type of
source (plane wave, near electric field, near magnetic field). In
this study, we will focus on near magnetic field. The following
results are obtained using a simple approximation by replacing
the intrinsic impedance of free space (n0=377 Q), with the wave
impedance for the small magnetic dipole Zn [7].

Concerning the shielding effectiveness of an infinite plane
with slot that has a perfect electrical conductivity, we apply the
developed method which based on magnetic dipole
approximation described in the previous section.

B. Experimental Validation

We have applied the methodology in the case of a simple
enclosure made on copper; the enclosure has 500x400x%200
mm?3 dimension and 1 mm thickness. A slot of 100 mm length
and 1mm width is located in the middle of the enclosure surface
which has 400x200 mm? dimensions. The enclosure is excited
by a radiating loop at 50 mm. The magnetic field is measured
inside the enclosure at 50 mm far from slot. In this part we have
interested only by coplanar configuration which leads to the
worst shielding effectiveness.

To validate the methodology, we have developed a test bench
like the first one shown before in section Il. An enclosure with
a slot is implemented instead of an infinite plane (Fig. 7). The
measurements are performed outside the anechoic chamber in
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the presence and absence of the enclosure.

Radiating loop

Receiving loop 50mm

Fig. 7. Modeled structure

Fig. 8 shows the results which obtained by the developed
model, a TL approach, CST microwave studio and a
measurement. The results of different models have a good
agreement with accuracy of 2 dB in high frequencies. It is the
same at low frequencies where the TL approach has been
validated. However, in the middle frequency range, the
penetration of magnetic field is due by both the diffusion and
the slot thus the little bit difference between models. In
addition, we will accept some errors for using the TL approach
which mainly due to small dipole approximation.

The shielding effectiveness which is weak at low frequency
increases and reaches high values at the onset of the skin effect.
Whereas, the shielding effectiveness of the slot remains almost
constant. However, the shielding effectiveness of an enclosure
with a slot follows the shielding effectiveness of the simple
infinite plane up to the intersection frequency and then switches
to follow the effectiveness of the slot. It is clear that the
measuring in the frequency range (9 kHz - 10 MHz), the
penetration of the magnetic field through a walls (diffusion) is
neglected compared by the penetration through the slot.

| %X Measurement i /
= = = Real infinle plane without siot /
m— Ferfect infinite plane with skt 7
—_ 40-[ caT v
3 —
% 20 : l’
. ’i St o g el 1. RS
A
0,_.,,‘__,_4.‘.-’ H H 4
10’ 10° 10° 10°

Freq (Hz)
Fig. 8. The shielding effectiveness of enclosure

In this study, the numerical simulations required about 20 Mb
and about 12.5 hours to achieve the solution using Intel (R)
Xeon (R), CPU E31225 @ 3.10 GHz, 3.10 GHz, and 8 Go of
memory. However, the proposed methodology needs only 4 Mb
of memory and 5 seconds of computational time.

C. Limit of the Methodology

We keep the same dimensions of the enclosure and we
change the length of the slot from 60 mm to 200 mm. The goal
is to see the limits of the methodology to calculate the shielding
effectiveness of real application. The obtained results by
numerical and analytical simulations at 10 MHz are presented
in Fig. 9. The methodology is limited by the ratio between
enclosure and slot dimensions. In our study, we find a

difference of 2.2 dB if the ration equal to 2.85.

Shielding effictiveness @ 10 MHz

20

—_ \ ——Methodology

Q15

- Error

# 10 %
5

~s

D

50 100 150 200
L (mm)

~—4—CST

Fig. 9. Limit of methodology at 10 MHz

IV. CONCLUSION

Through this work, we have presented a new method based
on magnetic moment approximations to calculate the shielding
effectiveness of an infinite plane with a slot in the near magnetic
field at low frequency. To avoid the constraints of numerical
techniques, the slot is treated as an array of magnetic moment
dipoles. This method is combined with a TL approach to
estimate the shielding effectiveness of an enclosure with a slot
taking into account the diffusion through the walls.

Even if the results are obtained with a somewhat crude
approximation, the methodology allows finding the shielding
effectiveness in short time. The methodology is limited by the
ratio between the enclosure and slot dimensions. On the next
step, we will adapt this methodology for the applications with
slot which have arbitrary dimensions.
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